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More than 100 years after the discovery of cosmic rays and various experimental efforts, the
origin of ultra-high energy cosmic rays (E > 1017 eV) remains unclear. The understanding of
production and propagation effects of these highest energetic particles in the universe is one
of the most intense research fields of high-energy astrophysics. With the advent of advanced
simulation engines developed during the last couple of years, and the increase of experimental
data, we are now in a unique position to model source and propagation parameters in an
unprecedented precision and compare it to measured data from large scale observatories. In
this paper we revisit the most important propagation effects of cosmic rays through photon
backgrounds and magnetic fields and introduce recent developments of propagation codes.
Finally, by comparing the results to experimental data, possible implications on astrophysical
parameters are given.
1 Introduction
The observation of cosmic rays with ultra-high energies poses interesting questions. Even more
than 50 years after the detection of particles of 100 EeV 1 (1 EeV = 1018 eV) many issues are
still unanswered. What mechanism in the universe can accelerate particles to such high ener-
gies? What is their origin and what kind of particles are they? What can they tell us about
fundamental and particle physics? Is there a maximal energy they can reach? To tackle these
problems large-scale observatories have been built at various locations enabling the observation
of different parts of the sky. Today, the most prominent sites are the Pierre Auger Observatory2,3
in the southern hemisphere located in the Argentinean Pampa Amarilla and the Telescope Ar-
ray 4 (TA) in the northern hemisphere in Millard County, Utah, USA. The measurement of the
particle flux, elemental composition, arrival directions and temporal variations are of central
importance to get a clue of an answer. However, to interpret the observations a detailed knowl-
edge of particle propagation effects is essential. In fact, the propagation of ultra-high energy
cosmic rays (UHECR) from the source to the observer modifies the original source spectra and
chemical composition due to interactions with low energy photons and matter. Propagation
also influences the sky distribution of arriving charged cosmic rays due to deflections in cosmic
magnetic fields. The open question of the chemical composition of highest-energy cosmic rays is
in fact linked to the question on the size of deflection in cosmic magnetic fields. Any consistent
interpretation of the nature and origin of ultra-high energy cosmic rays thus has to include
propagation in a three-dimensional environment. With the advent of advanced simulation en-
gines, described in more detail in Sec. 4, we are now in a unique position to model source and
propagation parameters in an unprecedented precision using computer clusters.
The paper is organized as follows: in Sec. 2 we will revisit the most important interaction
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Figure 1 – Spectral density of the CMB (blue line), infrared background (IRB, green line) 5, and universal radio
background (URB, red line) 6 as a function of energy and frequency.
processes for ultra-high energy cosmic rays and their secondaries. Deflections in galactic and
extragalactic magnetic fields are discussed in Sec. 3. The current status of public propagation
codes is given in Sec. 4. Finally, some prospects are given in Sec. 5 on comparing results of
simulations with measurements from large-scale observatories before concluding in Sec. 6.
2 Propagation effects en route to Earth
In the following we shall review the most important aspects of particle propagation through the
universe. Except in very close vicinity to the source, only background photons and magnetic
fields are relevant to estimate the interactions. In the intergalactic medium the most important
photon background is the cosmic microwave background radiation (CMB) with a typical energy
of about 10−3 eV. In addition, cosmic rays can interact with optical and infrared backgrounds
as well as with radio waves. The spectral density in the interstellar medium is shown in Fig. 1.
As a consequence of the high energies of cosmic rays with Lorentz factors Γ = E/m, background
photons are seen highly blue-shifted in the nucleus rest frame with the relevant energy ′ =
Γ(1− cosϑ), with the photon energy  in the laboratory frame and the collision angle ϑ. The
interaction length λ of a cosmic ray through an isotropic background can be calculated as
λ−1(E) =
∫ ∞
0
n()σavg() d , (1)
where n() is the spectral number density of the background particles (cf. Fig. 1) and σavg()
the cross section for the relevant process averaged over all collision angles ϑ.
2.1 Photo-pion production
The pion production for a head-on collision of a nucleon N with a background photon γ can be
described as N + γ −→ N + pi, with a threshold energy of
EN,pithres =
mpi(mN +mpi/2)
2
≈ 6.8 · 1019
( 
10−3 eV
)−1
eV , (2)
where mpi and mN are the masses of the pion and the nucleon and  ∼ 10−3 eV represents a
typical energy of a CMB photon. Due to the high inelasticity a η of the process and the dense
CMB photons it was already realized in the 1960s by Greisen 7 and Zatsepin & Kuz’min 8,
that the universe is opaque for ultra-high energy particles, leading to the so-called GZK flux
suppression. A prominent example of photo-pion production by protons is given by
p+ γ → ∆+ →
{
n+ pi+ with branching ratio 1/3
p+ pi0 with branching ratio 2/3
, (3)
where a proton interacts electromagnetically with a photon and excites the proton to the ∆+
resonance before decaying via strong interactions. In the channel that conserves the charge of
the original nucleon mostly neutral pions are produced which decay into secondary gamma rays
pi0 → γ + γ, whereas charge exchange reactions produce mostly charged pions which eventually
decay into electrons, positrons and neutrinos. In fact, these are the main production channels
for ultra-high energy secondary photons and neutrinos by hadronic cosmic rays, cf. Sec. 2.5.
Pion production by nuclei can be described in good approximation by the superposition model.
Here nuclei are treated as a superposition of Z free protons and A − Z free neutrons b. Note
that the energy carried away by a pion is only η/A of the energy of the primary nucleus with
an increased threshold of EN,pithres ·A.
2.2 Pair production
Another important interaction process is pair production by a nucleus X with mass number A
and atomic number Z on a photon AZX + γ −→ AZX + e+ + e−. This reaction has a threshold
energy of
Ee
±
thres =
me(mX +me)

≈ 4.8 · 1017 A
( 
10−3 eV
)−1
eV , (4)
and a relatively small inelasticity of about η ∼ 10−3. Therefore, pair production is typically
treated as a continuous energy-loss process, but is especially important when calculating sec-
ondary photons below PeV energies.
2.3 Photodisintegration of nuclei
In a photodisintegration process a photon is absorbed by an atomic nucleus leading to an excited
nuclear state before splitting into two or more parts. Depending on the photon energy ′ in the
rest frame of the nuclei different processes are dominant. At low photon energies up to 30 MeV,
the giant dipole resonance with the emission of one or two nucleons is the most important
contribution. At higher energies, between 30 MeV and 150 MeV, the quasi-deuteron process
dominates with predominantly multi-nucleon emission. The effective loss rate can be described
as
1
E
dE
dt
∣∣∣∣
eff
=
1
A
dA
dt
=
∑
i
i
A
RA,i(E) (5)
where RA,i is the rate for emission of i nucleons from a nucleus of mass A.
2.4 Other energy-loss processes
An important loss process which dominates near or below the pair production threshold are
redshift losses due to the expansion of the universe. This adiabatic fractional energy loss can be
described as
− 1
E
(
dE
dt
)
adiabatic
= H0 , (6)
athe inelasticity is typically η = 0.2 close to the threshold and η = 0.5 far above the threshold.
bthe binding energy is neglected.
Figure 2 – Left: Energy-loss length χLoss =
(
1
E
dE
dx
)−1
of primary protons as a function of energy. Different energy-
loss processes on various photon backgrounds (CMB, infrared, optical and ultra-violet) are indicated. Center:
Energy loss length for iron as a function of the Lorentz factor Γ. Different contributions of pair production
and photodisintegration on various backgrounds are indicated. Right: Energy loss length for different nuclei as a
function of energy. In all three figures, the effect of adiabatic expansion of the universe is indicated by a horizontal
dashed line. (From 9)
where H0 is the Hubble constant.
Another relevant propagation effect is nuclear decay of unstable particles produced e.g. by pho-
todisintegration or photo-pion processes. A nuclear decay can change the energy of the particle
as well as the nucleus type.
A graphical illustration of various processes of energy loss for protons as well as for nuclei is
shown in Fig. 2. For protons, the energy loss is dominated below a few EeV by the expansion of
the universe. At intermediate energies, pair production on the CMB is most relevant while at en-
ergies above ∼ 70 EeV pion production becomes dominant. For iron nuclei photodisintegration
represents the most important loss mechanism at high energies.
2.5 Secondary photons
As already discussed in Sec. 2.1 photo-pion production by protons is the main production channel
for ultra-high energy secondary photons. Since photons have no charge, they are not deflected by
magnetic fields. However, the existing cosmic photon background creates additional interactions.
The dominant process is the attenuation of the ultra-high energy photons due to pair production
on background photons, γUHE + γb → e+ + e−. The produced e± can again interact with
background photons via inverse Compton scattering resulting in an electromagnetic cascade
that ends at GeV-TeV energies where the universe becomes increasingly transparent for photons.
Typical energy-loss lengths are 7− 15 Mpc at 10 EeV and 5− 30 Mpc at 100 EeV 10.
3 Magnetic fields
During the propagation charged cosmic rays are deflected by extragalactic and galactic magnetic
fields. Considering a particle with charge Z and energy E in [PeV], the Larmor radius rL in [pc]
can be estimated as (
rL
pc
)
= 1.1
(
E
PeV
)(
µG
B
)
1
Z
(7)
with the magnetic field B in [µG].
The parameter space for magnetic fields in the universe is large, since field strengths and es-
pecially field orientations are not well constrained. Especially for extragalactic magnetic fields
predictions vary a lot. Their origin is not well understood 11 and theories vary from the cre-
ation in the primordial universe 12 to magnetic pollution from astrophysical sources (e.g. 13)
Figure 3 – Left: Expected deflection of primary protons injected in the direction of intersecting longitude and
latitude lines (dotted line) at the edge of the galaxy using the JF2012 galactic field model. The sky map is given
in galactic coordinates. The color code refers to the energy of the injected proton. Right: Mean deflection of
protons arriving isotropically at the edge of the galaxy using the JF2012 model. The blue line represents the
mean deflection seen from the Pierre Auger Observatory site in the southern hemisphere recording particles up
to 60◦ in zenith angle. The green line corresponds to the Telescope Array site in the northern hemisphere also
recording particles up to 60◦ in zenith angle. The shaded area indicates the central 68% quantile. Simulations
are done using the cosmic-ray propagation code CRPropa 3.0, cf. Sec. 4.
such as jets from radio galaxies. Typical strengths are expected to be ∼ 1− 40 µG in the core
of clusters of galaxies 14 and 10−16 − 10−6 G in filaments. The simulation and prediction of
large-scale magnetic fields is a dedicated task. Assuming that the fields are induced in galaxies,
one would expect stronger fields in high-peaked density regions and a nearly suppressed field
in voids. To model more realistic inhomogeneous configurations various groups have developed
large-scale structure simulations including magnetic fields, e.g. 15,16,17. However, these simula-
tions lead to discrepant results due to the variety of assumptions that have to be made. To
constrain the strength of extragalactic magnetic fields further observations are needed, e.g. via
the arrival directions of charged cosmic rays at ultra-high energies, through the observation of
extended gamma-ray emission around point sources in connection with the time delay in gamma-
ray flares 18, or through Faraday rotation measurements, e.g. with the future Square Kilometer
Array 19.
When considering extragalactic propagation of cosmic rays, also deflections within the Milky
Way may become important. Concerning galactic magnetic fields there has been much progress
in recent years. To constrain the strength of the field the best available methods are Faraday ro-
tation measures (e.g. used in20) and polarized synchrotron radiation which are both line-of-sight
integrated quantities. A combination of both measurements including recent observations lead
to the construction of a new galactic field model introduced in 2012 by Jansson and Farrar 21,22
(JF2012). One improvement compared to previous simulations is to allow for a possibility of a
large-scale out-of-plane component as well as structured random fields. Typical field strengths
are of the order of µG and not uniform, which implies that the angular deflection depends
strongly on the observed direction as shown in Fig. 3. This is important when considering
anisotropies at ultra-high energy. At lower energies, e.g. for a primary proton of energy 1 PeV
in a galactic field of 3 µG the Larmor radius is ∼ 0.4 pc. With a diameter of the Milky Way
of ∼ 30 kpc it is not expected to find any point sources of charged cosmic rays. At ultra-high
energies there is a possibility to detect point sources and small-scale anisotropy using charged
particles. A detailed knowledge of the magnetic field structure helps to interpret results from
different experiments being sensitive to different parts of the sky. An example is given in Fig.
3 (right) selecting the Telescope Array and the Pierre Auger Observatory representing the cur-
rently largest cosmic-ray observatories for ultra-high energy particles. According to the JF2012
model, on average, the expected deflection of protons arriving isotropically at the edge of the
galaxy is smaller for TA compared to the Pierre Auger Observatory. This is interesting when
comparing results on anisotropy studies at both sites such as recent indications of intermediate-
scale anisotropy of cosmic rays in the northern sky with TA 23.
4 Simulation engines
To interpret the data collected by large-scale observatories it is necessary to develop tools that
simulate the propagation of ultra-high energy cosmic rays over several orders of magnitude in
energy and length scales, ranging from hundreds of Mpc down to galactic scales of order kpc
including their interactions, discussed in Sects. 2 and 3. There has been much progress in re-
cent years and the currently most advanced public code is CRPropa c 24,25. During propagation
CRPropa takes into account structured magnetic fields and ambient photon backgrounds in-
cluding all relevant particle interactions. To enable multi-messenger analyses, secondary γ-rays
and neutrinos are tracked and propagated to the observer. The code is continuously extended
to handle the increasing data collected by large-scale observatories and to scan the large pa-
rameter space with high statistics, cf. Sec. 5. The latest version CRPropa 3.0 26 reflects a
complete redesign of the code structure, compared to the second version, to facilitate high per-
formance computing and comprises new physical features. Simulations can be done either in a
one-dimensional or three-dimensional mode. Furthermore, to take into account cosmic evolu-
tion effects in anisotropy studies and magnetic suppression in spectrum and composition studies,
the latest version is augmented with a four-dimensional propagation taking into account only
particles that arrive at a specific observer time. Another major improvement is the ability to
take galactic deflections into account. This is realized by a lensing technique described in 27
and applied in Fig. 3. Photon cascades can be simulated using the electromagnetic cascade
codes DINT 28 or EleCa 29. Other propagation codes are e.g. HERMES 30, SimProp 31 or Trans-
portCR 32.
5 Multiparameter challenge
Simulation of cosmic-ray propagation involves a set of assumptions that have to be made. This
stems from the fact that many unknown or uncertain parameters enter the simulation. E.g.
sources of ultra-high energy cosmic rays are still under controversial debate, i.e. parameters
such as total number, position, size, luminosity, composition, spectral index and emission pat-
terns have to be estimated. Furthermore, during propagation background photon fields and
magnetic field strength offer a wide parameter range. One way to disentangle information on
the UHECR universe is to compare simulations with experimental data in form of suitable ob-
servables. From the observational point of view only direction and energy of the primary particle
are known via the observation of extensive air showers at large-scale observatories. For example,
the shape of the observed energy spectrum gives information on the sources, as well as on the
propagation through the cosmic structures including the GZK effect. However, given the large
parameter space in simulations, the spectrum alone can not unambiguously constrain different
astrophysical scenarios and additional observables are needed. A more indirect measurement of
the composition of the particle is given by the interpretation of air-shower observables such as
the depth of shower maximum, usually referred to as Xmax and given in g/cm
2, and air-shower
fluctuations. Several groups have started confronting data with simulations to constrain astro-
physical scenarios, e.g. 9,33,34,35,36,37. These simulations indicate that typically a source with a
hard spectral index is needed to explain current measurements, unless a nearby source or some
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Figure 4 – Left: Propagated cosmic-ray spectrum of protons and nuclei given an injection spectral index of β = −1
and maximum energy at the source of Emax = Z × 5 · 1018 eV. Solid lines indicate primary particles as labelled.
The grey band shows the flux of secondaries alone. Red dots represent the measured cosmic-ray spectrum at the
Pierre Auger Observatory. Center: Mean Xmax as a function of energy using the same choice of parameters as
for the spectrum plot. The red band illustrates the result of the simulation. The proton and iron expectations
using different interaction models are indicated. The grey band denotes the energy range in which the Auger flux
is not reproduced. Right: Same as the middle figure, but using its dispersion σ(Xmax). Figure adapted from
37.
References on interaction models and Pierre Auger data are given therein.
additional component is assumed. An example for a fit to spectrum and composition measure-
ments is given in Fig. 4. Given the derived hard injection spectra of β = −1 the Pierre Auger
Observatory spectrum can only be fitted for energies & 5 × 1018 eV. The lower energy part
requires introducing a second population such as an additional class of extragalactic sources
emitting mainly light elements, or a galactic cosmic-ray component 37. However, the latter
argument requires a dominant proton fraction above & 1018 eV which is disfavored by upper
limits on anisotropy obtained by the Pierre Auger Observatory 38 stating that the fraction of
protons should not exceed ∼ 10% . This already indicates that it is necessary to include as much
information as possible in terms of observables into the analysis.
Most commonly, comparisons to spectrum and composition data have been performed. By
utilizing arrival directions as well as secondary particles (photons, neutrinos), the parameter
space can be further constrained enabling a multi-messenger approach. As an example, multi-
plets of UHECR which exhibit energy ordering according to their angular distances relates to
coherent magnetic fields. With their detection magnetic field strength can be quantified. Fur-
thermore, high level observables such as energy-energy-correlations quantify effects of turbulent
magnetic fields. So-called event-shape observables, which are being adapted from high-energy
particle physics, have sensitivity to the density of sources, and probe deflections of UHECR in
coherent magnetic fields. In addition, secondary messengers can be compared with observations
down to the TeV energy range, refer to e.g. 39.
6 Conclusion
The simulation of cosmic-ray propagation plays an essential role in understanding astrophysical
processes at ultra-high energies. Taking into account the great wealth of data of unprecedented
quality and quantity now being accumulated at large-scale observatories and sophisticated sim-
ulations based on advanced theoretical and experimental knowledge, the confrontation of data
with results of simulations will lead to valuable constraints on the parameter space of theoret-
ical models and will in this way contribute to new scientific information about the high-energy
universe. It is still too early to draw decisive conclusions on astrophysical scenarios and more
messengers have to be included in the analysis in a multi-messenger approach.
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